Recently, we demonstrated that fermentation conditions have a strong impact on subsequent survival of Lactococcus lactis strain MG1363 during heat and oxidative stress, two important parameters during spray drying. Moreover, employment of a transcriptome-phenotype matching approach revealed groups of genes associated with robustness towards heat and/or oxidative stress. To investigate if other strains have similar or distinct transcriptome signatures for robustness, we applied an identical transcriptome-robustness phenotype matching approach on the L. lactis strains IL1403, KF147 and SK11, which have previously been demonstrated to display highly diverse robustness phenotypes. These strains were subjected to an identical fermentation regime as was performed earlier for strain MG1363 and consisted of twelve conditions, varying in the level of salt and/or oxygen, as well as fermentation temperature and pH. In the exponential phase of growth, cells were harvested for transcriptome analysis and assessment of heat and oxidative stress survival phenotypes. The variation in fermentation conditions resulted in differences in heat and oxidative stress survival of up to five 10-log units. Effects of the fermentation conditions on stress survival of the L. lactis strains were typically strain-dependent, although the fermentation conditions had mainly similar effects on the growth characteristics of the different strains. By association of the transcriptomes and robustness phenotypes highly strain-specific transcriptome signatures for robustness towards heat and oxidative stress were identified, indicating that multiple mechanisms exist to increase robustness and, as a consequence, robustness of each strain requires individual optimization. However, a relatively small overlap in the transcriptome responses of the strains was also identified and this generic transcriptome signature included genes previously associated with stress (ctsR and lplL) and novel genes, including nanE and genes encoding transport proteins. The transcript levels of these genes can function as indicators of robustness and could aid in selection of fermentation parameters, potentially resulting in more optimal robustness during spray drying.
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Introduction

Materials and Methods
Strains and fermentations
L. lactis strains IL1403 [14] , KF147 [15] and SK11 [16] were cultivated in chemically defined medium (CDM) as described previously [11] . Briefly, the strains were fermented under twelve different conditions varying in sodium chloride concentration (0 or 100 mM), initial pH (6.0 or 6.5), temperature (27, 30 or 35˚C) and level of oxygen (static in 50 ml Falcon tube or shaken at 100 rpm in 500 ml shake flask with a cotton plug) ( Table 1) . Fermentations were performed on two separate days (fermentation number 1-6 on day 1, 7-12 on day 2) and, therefore, a replicate of fermentation 6 was added on day 2 (fermentation 13). Biomass formation was determined by measurement of the optical density (OD) at 600 nm. In the exponential phase of growth (OD 600 between 0.5 and 0.7), cells were harvested for heat and oxidative stress survival assays and RNA isolation.
Heat and oxidative stress survival assays
Stress survival was determined as described previously [11] . Cells were harvested from 5 ml of culture by centrifugation at 1865 × g for 10 minutes and resuspended in 2.5 ml sterile 50 mM sodium phosphate (Merck) buffer pH 7.2. For assessment of heat stress survival, 0.5 ml of the cell suspensions was diluted by adding 0.5 ml of phosphate buffer and were incubated in duplicate in a volume of 0.1 ml at 50˚C for 10 and 30 minutes (KF147, SK11) or 30 and 60 minutes (IL1403) in 0.2 ml PCR tubes (Bioplastics BV, Landgraaf, The Netherlands) in a Gene-Amp PCR system 9600 (Applied BioSystems, Foster City, California, USA). For assessment of oxidative stress survival, hydrogen peroxide (Merck) in phosphate buffer was added to 0.25 ml of the cell suspensions in duplicate to a final concentration of 5 mM and an end volume of 0.5 ml, followed by incubation for 30 and 60 minutes at 30˚C in a water bath. After incubation, samples were centrifuged at 15,000 × g for 3 minutes and cell pellets were resuspended in 0.5 Fermentation parameters of the various fermentations and resulting maximum growth rates (μ) and optical densities at the end of fermentation (OD final ) and survival after 60 minutes (IL1403) or 10 minutes (KF147 and SK11) of heat stress and after 30 minutes of oxidative stress of strains IL1403, KF147 and SK11. Survival at the other time point of the stress assays can be found in S1 Table. Survival data represent averages of technical duplicates. Shaken and static fermentations are indicated as a relatively high level of oxygen ("high") and a relatively low level of oxygen ("low"), respectively.
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ml of phosphate buffer. Survival was assessed by spotting serial dilutions in triplicate on M17 agar plates supplemented with 0.5% glucose [17] . Colony forming units (CFU) were determined after incubation of the plates for 72 hours at 30˚C.
RNA isolation and DNA microarrays
RNA isolation, subsequent cDNA synthesis and labeling, as well as DNA microarray hybridizations were performed using routine procedures, as described previously for MG1363 [11] . Briefly, aliquots of 5 ml of culture were centrifuged at 4000 × g for 3 minutes at 2˚C and cells were resuspended in 0.5 ml cold TE buffer. To this suspension, 500 μl 1:1 phenol/chloroform, 30 μl 10% SDS, 30 μl 3M sodium acetate pH 5.2 and 500 mg 0.1 mm zirconia beads (Biospec Products, Inc., Bartlesville, USA) was added in a 2 ml screw-cap tube and samples were frozen in liquid nitrogen and stored at -80˚C. The DNA microarray hybridization scheme contained two connected loops, both containing samples derived on a single day (S1 Fig). A two-dye microarray-based gene expression analysis was performed on a custom-made 60-mer oligonucleotide array (Agilent Technologies, Santa Clara, California, USA, submitted in Gene Expression Omnibus under GEO Series accession number GSE72045) to determine genome-wide gene transcription levels. Co-hybridization of Cy5-and Cy3-labeled cDNA probes was performed on these oligonucleotide arrays at 65˚C and 10 rpm for 17 h using GEX HI-RPM buffer (Agilent Technologies). After hybridization, slides were washed and scanned.
Data analysis
Data analysis was performed as previously described for strain MG1363 [11] . The raw expression data were Lowess normalized and scaled to normalized probe expression levels using MicroPreP [18] . Multiple probes were designed for each ORF and the ORF expression level was calculated from the median of its probe signals. Normalized gene expression levels were further analyzed using the R BioConductor packages Biobase and limma (www.bioconductor. org). After 2-log transformation, gene expression levels were plotted against robustness levels and significance of the correlation was assessed by a linear model. We selected the genes with a significant correlation (P < 0.05) at both time points of the stress assay and further analyzed the genes with the most significant correlation by calculating the product of both P-values. To identify a generic transcriptome signature, we used survival at the time point at which the dynamic range of robustness was the largest. As a consequence, the selected time points for heat stress were 60, 10 and 10 minutes for IL1403, KF147 and SK11, respectively, whereas for oxidative stress the selected time point was 30 minutes for all strains. These data were compared with the survival of MG1363 after 30 minutes of heat stress or oxidative stress [11] . Correlation of survival and growth rate or optical density was determined by calculating the Pearson correlation coefficient. Differences in the effect of individual fermentation parameters on growth characteristics and robustness were assessed with a t-test in R (version 3.0.1, www. R-project.org) and differences were considered significant if the P-value was smaller than 0.05.
Results and Discussion
Variations in fermentation conditions impose largely similar effects on the growth characteristics of different L. lactis strains
To compare the effect of fermentation conditions on the growth characteristics, L. lactis strains IL1403, KF147 and SK11 were grown under the twelve different conditions that were previously applied to strain MG1363 [11] . These conditions varied in the level of salt and/or oxygen, as well as fermentation pH and temperature and resulted in variation of growth characteristics ( (Table 1 ).
The effect of fermentation temperature on maximum growth rate of the strains KF147 and IL1403 was similar to what we previously observed for MG1363 [11] (Fig 1) . In contrast to the other strains, the maximum growth rate of SK11 was significant lower in fermentations at 35˚C as compared with 30˚C (Fig 1) , which is in line with the fact that SK11 has an L. lactis subsp. cremoris phenotype in contrast to MG1363, IL1403 and KF147, which have an L. lactis subsp. lactis phenotype [19] . One of the characteristics that discriminates these phenotypes is that strains with an L. lactis subsp. cremoris phenotype are incapable of growing at high temperature in contrast to strains with an L. lactis subsp. lactis phenotype [20] .
Both biomass formation (OD final ) and final pH at the end of fermentation were strongly affected by the fermentation conditions and the observed effects were similar for all strains ( Table 1 ). The initial pH of fermentation had the most significant effect on biomass formation. In fermentations with an initial pH of 6.5 a significantly higher biomass formation was reached for all strains as compared to fermentations with an initial pH of 6.0 (Fig 2) . The final pH at the end of fermentation was mostly affected by the oxygen level and was significantly lower in fermentations with a relatively low level of oxygen as compared with fermentations with a relatively high level (data not shown). This is in line with an earlier study, which demonstrated that the acidifying ability of L. lactis strain CNRZ 483 decreased as initial oxygen concentration increased [21] .
With the notable exception of the effect of fermentation temperature on growth rate of SK11, all other applied fermentation parameters had similar effects on the growth characteristics of the L. lactis strains, revealing an overlap in responses towards the applied fermentation conditions.
The effect of fermentation conditions on robustness is strain-dependent
To study the effect of the fermentation conditions on robustness phenotypes, cells were harvested in exponential phase of growth for assessment of heat and oxidative stress survival phenotypes, representing robustness during spray drying [5] . During the stress assays, survival was determined at two time points, similar as for MG1363 [11] . For KF147 and SK11 the time points for heat stress survival measurement were adjusted because these strains displayed a higher sensitivity towards heat stress as compared with MG1363 and IL1403 (see Materials and Methods). Variation in fermentation conditions resulted in differences in both heat and oxidative stress survival of up to five log units (Table 1, S1 Table) . Moreover, the various fermentation conditions had a different impact on the stress survival of the various strains. Strain IL1403 displayed the largest variation in robustness towards both heat and oxidative stress, which is in line with our observation that differences in fermentation conditions imposed the largest variation on growth characteristics of this strain as well. The observed differences in robustness towards both heat and oxidative stress of strain SK11 in the various fermentations demonstrate that contrary to earlier observations by Kim et al. [9] also strains with an L. lactis subsp. cremoris phenotype can have an adaptive response to stress.
As was observed before for strain MG1363 [11] , no correlation of growth rate and survival towards heat stress was observed for the three strains. Only strain SK11 displayed a correlation of growth rate and oxidative stress survival (Pearson correlation coefficient = 0.79). Overall, this appears to support the study of Dressaire et al., which demonstrated that downregulation of stress genes at increasing growth rates, as observed in yeast [22] , does not occur in L. lactis [23] . This implies that fermentation conditions resulting in improved robustness are not necessarily more time-consuming. Moreover, neither for heat stress nor oxidative stress, correlation of final biomass formation and survival was found, indicating that increased robustness can be achieved without the necessity to reduce yield.
To identify the individual fermentation parameters with the most pronounced effect on heat or oxidative stress survival, we compared survival phenotypes in fermentations with one variant of this parameter with survival phenotypes in fermentations with the other variant of this parameter. Similar to what was previously observed for MG1363 [11] , survival of KF147 during heat stress significantly increased during fermentation with a high level of oxygen ( Fig  3A) , whereas for SK11 robustness towards heat stress significantly increased with increasing fermentation temperature (Fig 3B) . Contrasting our earlier observations in MG1363 [11] , oxidative stress survival of strains IL1403, KF147 and SK11 was not significantly higher in fermentation at 35˚C as compared with fermentations at 27˚C. Survival of IL1403, which displayed a large variation in robustness phenotypes in the various fermentations, was not significantly altered by any of the specific individual fermentation parameters (S2 Table) .
These experiments demonstrate that fermentation parameters have a substantial impact on subsequent stress survival of L. lactis strains. Irrespective of the strain's general robustness level [5] , survival can be dramatically altered by varying fermentation conditions. Although the fermentation parameters had similar effects on growth characteristics, the effect of specific fermentation parameters on survival is strain-dependent. This indicates that a general fermentation strategy to optimize robustness is difficult to achieve and to accomplish optimal robustness, fermentation conditions should be individually optimized for each L. lactis strain.
Transcriptome-phenotype matching reveals strain-specific associations of gene expression with robustness
We determined the effect of the fermentation parameters on gene expression. As previously demonstrated for strain MG1363 [11] , the oxygen level and the fermentation temperature also had the most pronounced effect on gene expression in IL1403, KF147 and SK11 (S3 Fig) , which appears to be in line with the observed effect of oxygen level and fermentation temperature on robustness phenotypes of several strains. Subsequently, we calculated the correlation (according to a linear model) of gene expression levels in the various fermentations with the corresponding robustness phenotypes (S1-S6 Files). Similarly as for MG1363 [11] , we selected the genes displaying a significant correlation (P < 0.05) with robustness at both time points of the stress assay. The genes with the most significant correlation at both time points of the stress assay (product of P-values < 5×10 −5 ) were further analyzed (Table 2 ). For IL1403, 54 and 32 genes met these criteria for heat and oxidative stress survival, respectively. Only two genes displayed a significant correlation with oxidative stress survival in KF147, whereas 174 genes correlated with heat stress survival in this strain. In SK11, 124 and 63 genes displayed a significant correlation with heat and oxidative stress survival, respectively.
In KF147, the operon encoding the pyruvate dehydrogenase complex (pdhABCD) and a lipoate-protein ligase (lplL) as well as an operon encoding a ferrichrome ABC transporter (fhuCDG) and an operon encoding hypothetical proteins and a Gls24 family general stress protein (ytgH) displayed a positive correlation with heat stress survival. Surprisingly, the heat shock genes grpE and dnaK anti-correlated with robustness towards heat stress of KF147 and also their repressor hrcA displayed anti-correlation [24] . The gene fhuC was previously associated with heat stress survival in MG1363 [11] , as well as four other genes: uvrC, cysD, cysK and trpA. In contrast to KF147 and MG1363, these transcripts did not show a significant correlation with heat stress survival in IL1403 nor in SK11, although a previous study by Xie et al. did suggest a role of cysK in heat stress survival of IL1403 [13] . Two other genes were found to associate with heat stress survival in both KF147 and SK11 (rarA and yjgE/ LACR_1011) and one in both IL1403 and SK11 (gntK). However, the majority of the correlating genes were shown to associate with stress survival in only one of the strains. In IL1403 the genes aroF and aroH encoding a phospho-2-dehydro-3-deoxyheptonate aldolase anti-correlated with heat stress survival. The gene aroF was previously shown to be upregulated in this strain during osmotic stress [13] , suggesting this gene could be involved in a general stress mechanism. In SK11, multiple genes encoding hypothetical proteins were found to correlate with heat stress survival and also a gene encoding a manganese transporter (LACR_2183). Manganese transport was also associated with heat stress survival in an earlier study, where mtsC, encoding part of a manganese ABC transporter was shown to be present in robust strains and absent in sensitive strains within an L. lactis strain collection [5] . Metal ions have several functions in the cell and can be involved in stabilizing proteins, ribosomes and the cell membrane [25, 26] . Because these cellular components are affected during heat stress [8] , manganese might have a role in the prevention of damage caused by heat stress.
Similar as for heat stress, the transcriptome signature associated with oxidative stress survival was highly strain-specific, which is exemplified by the fact that only three genes associated with oxidative stress survival in more than one strain. In both IL1403 and SK11 the gene expressions yahD/ LACR_0073, yjjD/ LACR_1052 and rsuA/ LACR_2545 were found to correlate with oxidative stress survival. In IL1403, 32 genes displayed correlation of expression with survival, among which was the gene feoB, which is involved in iron transport and was previously associated with heat stress survival in MG1363 [11] . In SK11, a gene encoding cysteine synthase positively correlated with oxidative stress survival. In MG1363 we previously demonstrated a link between cysteine metabolism and oxidative stress survival [11] . Sulfur-containing amino acids are readily oxidized and, therefore, cysteine metabolism could be involved in oxidative stress survival by affecting the redox balance in the cell. Furthermore, genes associated with oxidative stress survival in SK11 included genes encoding membrane proteins and regulators. For application as indicators for robustness, the genes with a high variation in gene expression (indicated by the slope in Table 2 ) appear to be most suitable, because they can be detected with methods such as quantitative PCR. For both heat and oxidative stress, none of the genes were associated with survival in more than two strains, although the majority of the genes that displayed correlation with survival are present in all four strains. This lack in overlap demonstrates that the transcriptome signature associated with stress survival is largely straindependent, and the complete transcriptome signature associated with robustness in one strain cannot be extrapolated fully to other strains. This indicates that the mechanisms aiming to improve robustness vary among the strains and, therefore, strategies resulting in improved robustness of one strain do not necessarily increase robustness of other strains. To acquire optimal robustness, the fermentation conditions of each strain require individual optimization.
Generic L. lactis genes associated with robustness towards heat or oxidative stress
To establish whether a generic transcriptome signature for L. lactis exists, we searched for single genes with the most significant correlation with robustness towards heat and oxidative stress in all strains. For this, we chose one time point of the stress assay, in which the range between the extreme values of survival in all fermentations was the largest (see Materials and methods). We selected the orthologous groups (OGs) in which the genes of all four strains displayed either a positive or a negative correlation (P < 0.2, assessed with a linear model) of expression level with robustness phenotype and ranked these on average P-value per OG (Table 3) . Notably, the top 10 genes included ctsR, encoding a class three stress genes transcriptional repressor, which displayed negative correlation of expression with oxidative stress survival in all four strains. This gene was previously demonstrated to be a key regulator of heatshock induced gene expression in MG1363 [27] . The observation that the transcript level of this gene appeared in the top 10 list of most significant correlating genes with oxidative stress survival suggests that CtsR is also involved in oxidative stress regulation in L. lactis. Involvement of CtsR in other stress responses besides heat stress response was already suggested by Frees et al. , who demonstrated that the CtsR regulon was induced at low pH [28] . Furthermore, in Bacillus subtilis involvement of CtsR in oxidative stress survival has been previously suggested as transcription of the CtsR regulon was increased during oxidative stress [29] .
Besides the significant correlation with heat stress survival of KF147, as mentioned in the previous paragraph, the gene lplL also displayed a positive correlation of expression and heat stress survival in the other three strains. This gene was previously demonstrated to be involved in heat shock response in strain IL1403 [13] , which further supports the role of this gene in heat stress survival in L. lactis strains in general. Furthermore, the list contained multiple genes encoding for proteins involved in iron(complex) transport (feoA, fhuD, fhuG and fhuB). The fhu operon may be involved in haem uptake, enabling respiration metabolism in L. lactis [30, 31] and was recently demonstrated to be induced in strain MG1363 during the early phase of growth at high oxygen levels [32] . Furthermore, it has been demonstrated that free intracellular iron increases oxidative stress through generation of ROS from hydrogen peroxide by the Fenton reaction, which causes cellular damage and mortality in stationary phase cells of L. lactis [33] . A link between iron metabolism and heat stress survival has been demonstrated in Bacillus licheniformis, where an overlap in response to heat shock and iron limitation was revealed [34] . Taken together, a link between iron metabolism and stress survival in L. lactis appears likely. Besides the genes that have previously been demonstrated to be involved in stress, the top 10 lists also included genes which to the best of our knowledge have not been associated with stress before. The transcript levels of yljB/nanE, encoding an N-acetylmannosamine-6-phosphate 2-epimerase involved in amino sugar metabolism, displayed the highest correlation in all four strains with robustness towards heat stress. Furthermore, genes encoding transport proteins or hypothetical proteins were among the genes with the most significant correlation of expression and heat or oxidative stress survival in all strains. Revealing the exact mechanism via which the functions encoded by these genes impact on robustness requires additional work.
The strains included in this study varied in type of subspecies, isolation source and general robustness [5] and therefore appear to represent a major part of the L. lactis species. Therefore, it is tempting to suggest that the generic gene expressions associated with robustness in this study can be applied as indicators of robustness for L. lactis strains in general, although individual transcriptome signatures are expected to predict robustness of specific strains more accurately.
Conclusions
In this study we demonstrated that fermentation conditions (e.g. temperature and level of oxygen) have a large impact on heat and oxidative stress survival of L. lactis strains. Therefore, fermentation conditions prior to industrial processing of starter cultures should be carefully selected, and this is true for both intrinsically robust and sensitive strains [5] . The development of a general fermentation strategy for improved robustness of L. lactis starter cultures appears complicated as the effect of fermentation conditions on robustness towards heat and oxidative stress is strain-dependent, even though fermentation conditions have largely similar effects on growth characteristics. The larger part of the transcriptome signatures associated with robustness also appeared strain-specific, indicating that different mechanisms exist to improve robustness. Hence, to obtain optimal robustness in each individual strain tailor-made optimization of fermentation parameters is required. Furthermore, we explored the most significant associations of transcript levels and robustness that overlapped in all four strains, resulting in a generic transcriptome signature associated with robustness in these L. lactis strains, which included both known genes encoding stress related functions and novel genes. This generic transcriptome signature could function as an indicator for robustness and aid the selection of optimal fermentation conditions for optimal robustness during spray drying. Table 1 . Samples connected with arrows were hybridized together, the arrow head represents Cy5-labeling, the back end Cy3-labeling. Table. Correlation fermentation parameters and robustness. T-test-based correlation of individual fermentation parameters and robustness. Significant differences (P < 0.05) are underlined. (DOCX) S1 File. Plots of gene expression and robustness levels in IL1403 (part 1). Expression levels of genes L0001 -L75633 plotted against survival after 60 minutes heat and 30 min oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model). (ZIP) S2 File. Plots of gene expression and robustness levels in IL1403 (part 2). Expression levels of genes L75676 -L1889726 plotted against survival after 60 minutes heat and 30 min oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model).
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(ZIP) S3 File. Plots of gene expression and robustness levels in KF147 (part 1). Expression levels of genes LLKF_0001 -LLKF_1273 plotted against survival after 10 minutes heat and 30 minutes oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model). (ZIP) S4 File. Plots of gene expression and robustness levels in KF147 (part 2). Expression levels of genes LLKF_1274 -LLKF_2533 and LLKF_p0001 -LLKF_p0036 plotted against survival after 10 minutes heat and 30 minutes oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model). (ZIP) S5 File. Plots of gene expression and robustness levels in SK11 (part 1). Expression levels of genes LACR_0001 -LACR_1382 plotted against survival after 10 minutes heat and 30 minutes oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model). (ZIP) S6 File. Plots of gene expression and robustness levels in SK11 (part 2). Expression levels of genes LACR_1383 -LACR_2610 and LACR_A01 -LACR_E8 plotted against survival after 10 minutes heat and 30 minutes oxidative stress. Survival is expressed as the difference of log CFU/ml after stress and before stress. Numbers indicate fermentations as presented in Table 1 . P-values above the plots indicate significance of correlation (assessed by a linear model). (ZIP)
